The carcinogenic potency of chrysotile asbestos remains a contentious topic, and more data are needed to address this issue. We examine cause-specific mortality, especially lung cancer, and its association with chrysotile-asbestos exposure in a Chinese cohort. Methods: A cohort of 577 workers from a chrysotile-textile plant was followed prospectively from 1972 to 2008. Occupational history, exposure information, and smoking data were obtained from company records and personal interviews; vital status and causes of death were ascertained from death registries and hospitals. Workers were classified into three exposure levels on the basis of exposure assessments of different workshops. Standardized Mortality Ratios (SMRs) were calculated in terms of exposure levels and other indices. Results: Among 259 identified deaths, 53 died from lung cancer, with an SMR of 4.08 (95% confidence interval 3.12, 5.33), and 96 from all cancers with an SMR of 2.09 (1.71, 2.55). In addition, two deaths from mesothelioma were observed. Increased mortality from respiratory diseases was also observed (SMR 3.38, 95% confidence interval 2.72, 4.21). Asbestos-exposure levels, exposure years, and birth cohorts showed a clear trend of risk for lung cancer and respiratory diseases.
T he association between chrysotile-asbestos exposure and lung cancer remains contentious. Many previous studies have documented that exposure to chrysotile asbestos may result in an increasing risk of lung cancer. [1] [2] [3] [4] However, some studies showed no excess risk of respiratory cancer or mesothelioma. [5] [6] [7] In addition, there remain doubts about other carcinogens, such as amphobile contamination, smoking, and mineral oil, which might be responsible for the observed excess mortality of chrysotile asbestos workers with lung cancer. 1, 3, 8 China is one of the biggest consumers of asbestos, having recorded a consumption of 565,313 tons in 2009. 9 Consequently, the country has experienced an alarming excess burden of deaths from asbestos-related diseases among asbestos-exposed workers. 10, 11 Although the accurate numbers of asbestos-related diseases are unknown, estimates have suggested that China is already experiencing high asbestos-related death rates. 12, 13 We conducted a prospective cohort study in a group of Chinese chrysotile-asbestos workers, and observed a significant association between lung cancer and nonmalignant respiratory diseases (NMRDs), and asbestos exposure. 2, [14] [15] [16] In this updated analysis, we focused on computing standard mortality ratios (SMR) of lung cancer and other causes related to chrysotile-asbestos exposure in terms of different exposure indices that were not reported previously.
PATIENTS AND METHODS
This cohort study was conducted in a chrysotile-asbestos manufacturing plant in China. The details about the plant were described elsewhere. 2, 16 In brief, relatively pure chrysotile asbestos was used to manufacture textile products, friction-and heat-resistant materials, cement, and rubber products. The chrysotile asbestos used in this plant came exclusively from two local mines in Sichuan Province before the 1990s, although some portion of asbestos had been imported from Russia and Canada since 1998. Available historical measurements from various workshops showed high concentrations of total asbestos dust. 2, 16 Exposure measurements in 2002 indicated that the fiber concentrations were high in the raw-material workshop with a median of 7.2 fiber/ ml (f/ml) and textile workshops (2.1 f/ml), and low in the rubber section (0.8 f/ml). 16 A total of 586 active male workers were enrolled on January 1, 1972, and prospectively followed until December 31, 2008. More than 70% of the workers did not change their work titles during their employment in this plant, thus the asbestos exposure of each worker was relatively stable. Only nine workers were lost by the end of follow-up.
Vital status and date and causes of death were ascertained from death certificates and local hospitals. About half the cancer cases were diagnosed pathologically, of which there were two mesothelioma cases. Information on occupation and smoking history were collected from company records and workers. For those deceased, the smoking information was obtained from their spouse or next of kin. The study was approved by the Research Ethics Committee of the Chinese University of Hong Kong.
The data analysis concentrated on calculating SMRs in relation to exposure variables. Lung cancer, all cancers, all causes, gastrointestinal (GI) cancers, and NMRDs were outcomes of interest. The causes of death were coded according to the tenth revision of the International Classification of Diseases (ICD-10). Expected number of deaths was computed using the Chinese national male-specific mortality in 5-year age groups. Because complete mortality data during the whole follow-up period were not available in China, data from three nationwide mortality surveys for the years 1973-1975, 1990-1992, and 2004-2005 were used to represent the reference rates of the corresponding calendar periods of 1972-1981, 1982-1996, and 1997-2008 , respectively. [17] [18] [19] Asbestos exposure was categorized into three levels: high (raw-material and textile workshops), medium (maintenance in all workshops), and low levels (rubber, cement, administration, and other services) based on exposure assessments in the different workshops. Workers were grouped into three categories correspondingly. Smoking status was categorized into never smoking and ever smoking; the latter was defined as having smoked at least one cigarette per day for 6 months or longer. Confidence intervals (95% CI) of SMRs were calculated on the assumption of a Poisson distribution for the observed number of cancer cases. Table 1 displays basic characteristics of the cohort. A total of 259 deaths (45%) were identified by the end of follow-up. Thirty-eight percent of the workers were younger than 25 years when first exposed to asbestos. Average duration of exposure to asbestos was 25 years and 90% of the workers had more than 15 years of exposure. Ever smoking accounted for 78.5% in the cohort. Thirty percent of the workers were grouped into high-exposure level, 22% into medium, and 49% into low-exposure level.
RESULTS
The observed deaths from all causes were significantly higher than the expected (Table 2 ). There were 53 deaths from lung cancer, which was fourfold than that expected (SMR = 4.08; 95% CI, 3.12, 5.33). The observed deaths from all cancers were 96, versus 46 expected (SMR = 2.09; 95% CI, 1.71, 2.55). Deaths from GI cancers were slightly higher than the expected value. Two mesothelioma deaths (one pleura and one peritoneum) were observed. One case was from the workshop of raw materials with 14 years of exposure and the other from the weaving workshop with 33 years of exposure. The number of years since first exposure for the manifestations of the two mesothelioma cases was 20 and 33, respectively. In addition, 81 workers died from NMRDs (39 of these NMRDs were diagnosed as asbestosis), with the mortality three times more than that expected (SMR = 3.38; 95% CI, 2.72, 4.21). Table 3 shows SMRs of the selected causes by exposure level and smoking status. All SMRs increased with exposure †NMRDs including asbestosis, chronic obstructive pulmonary disease, pulmonary tuberculosis, pneumonia, and pulmonary heart diseases.
CI, confidence interval; SMR, standardized mortality ratio; GI, gastrointestinal; NMRD, nonmalignant respiratory disease. levels, regardless of smoking status. However, the increase in lung cancer with exposure levels was particularly evident, in which SMR increased from 2.21 at the low-exposure level to 7.69 at the high level. Mortality from lung cancer was substantially higher in smokers than in nonsmokers at each exposure level, except at the high-exposure level, where SMR in nonsmokers was close to that in smokers. However, the highest rate was seen in smokers. A similar but milder trend with exposure levels was also detected in all cancers and NMRDs. Table 4 presents SMRs by different categories of exposure variables. The SMR for lung cancer significantly increased with either exposure years at entry or total exposure years.
Workers whose exposure was 15 years or longer at entry had the greatest mortality of lung cancer (SMR = 6.45, 95% CI, 4.18, 9.97). This was also the case for those whose total exposure years were 25 or more (SMR, 5.24, 95% CI 3.58, 7.68). A similar trend with exposure years was not clearly seen for all causes, all cancers, or NMRDs. An inverse trend was observed between SMR for lung cancer and age at first exposure: those whose first exposure occurred at younger than 25 years had sevenfold the expected mortality, which was about two times that in those whose first exposure occurred at older ages. A slightly decreased mortality for all cancers and all causes with age at first exposure was also seen, but no such trend was seen for NMRDs. Table 5 shows SMRs by birth period and age at entry in the cohort. There was an increased trend of SMR for lung cancer with earlier birth cohort and older age at entry. Mortality for workers born before 1925 was sevenfold that expected (SMR = 6.98; 95%CI, 3.20, 15.22), and fivefold and threefold for those born between 1925 and 1940, and after 1940, respectively. Workers who entered the cohort at age 50 years or older had the greatest SMR for lung cancer (SMR = 7.21; 95% CI, 4.37, 11.90), which was more than two times that in workers who entered the cohort at younger ages. Similar trends with birth cohort and age at entry were observed for NMRDs.
DISCUSSION
Chrysotile represents 95% of all the asbestos ever used and is now the only type of asbestos commercially used in the world. 21 Although there is general agreement that chrysotile asbestos can cause lung cancer and mesothelioma, the difference in carcinogenic potency between chrysotile and amphibole is still an ongoing debate. 22, 23 In this study, only chrysotile was used in the asbestos-manufacturing plant.
2 Periodic measurements of dust and available fiber concentrations in the workshops, especially in raw-material and textile workshops, were very high. 2, 16 As a consequence, a significantly excess mortality from lung cancer, all cancers and NMRDs was observed in a previous comparison with an occupational control group, 16 and in the current comparison with the national level. Furthermore, we found that the increased mortality was associated with asbestos-exposure level, exposure years, and other variables as exposure surrogates.
Specifically, we observed more than fourfold mortality from lung cancer versus the expected in this cohort. Meanwhile, a clear exposure-response trend was observed between lung cancer mortality and exposure levels. Even when smoking status was stratified, the exposure-response trend persisted in either nonsmokers or smokers. Furthermore, we found increased mortality from lung cancer with exposure duration at entry and total exposure duration. These results indicated that the excess mortality from lung cancer was strongly associated with asbestos exposure. Studies conducted among North Carolina and South Carolina chrysotile-textile workers report nearly twice the mortality from lung cancer when compared to the expected, and an exposure-response relationship with asbestos exposure. 3, 4 Although SMR for lung cancer observed in the current cohort was 2.21, which was similar to those observed in other chrysotile-textile cohorts, 3, 4, 8 this was seen at the low-exposure level. Explanations could include heavier asbestos exposure and poorer personal protection in the Chinese workers. The results obtained from this analysis further confirmed the previous reports from the same cohort, though previous studies used either an external control group or internal comparison. 2, 15, 16 Workers who were younger at first exposure were found to have a significantly increased mortality of lung cancer. This result was consistent with other reports. A significantly inverse association between lung cancer mortality and age at first exposure was observed among British asbestos workers, 24 whereas Pira et al. 25 reported a decreased SMR for mesothelioma with age at first exposure, but no clear trend for lung cancer. A possible explanation is that younger workers may be more susceptible to carcinogenic agents, which illustrates that chrysotile asbestos is carcinogenic to humans. In addition, we observed that the earlier birth cohort had higher mortality from lung cancer. This might be explained by the fact that heavier exposure to asbestos occurred in the earlier birth cohort. During the earlier time of plant operation, there was less awareness of harmful effects of asbestos and less-effective engineering controls implemented in different workshops, leading to higher concentrations of asbestos dust in the workshops and heavier exposure in the workers.
Smoking, widely recognized as carcinogenic, was common in Chinese asbestos workers. When stratified by smoking status, SMRs for lung cancer were generally higher in smokers than in nonsmokers at the same exposure level. This demonstrated the smoking affects lung cancer. Conversely, the SMRs of lung cancer in the nonsmoking workers might have been underestimated, because the national mortality data contained both smokers and nonsmokers. This was reflected by the lower-than-expected mortality from lung cancer seen at the low-exposure level. However, in the nonsmoking workers at medium-and high-exposure levels, mortality from lung cancer was still twofold and sevenfold, respectively, that expected. These results strongly supported excess lung cancer mortality resulting exclusively from chrysotile-asbestos exposure.
Mortality from other causes, such as NMRDs, increased and showed changes with exposure levels, exposure years, and birth periods. There is no doubt that asbestos dust exposure increases mortality from respiratory diseases including asbestosis. The increased mortality with exposure level, exposure duration, and earlier birth cohort, further confirmed the positive association. It is worth noting that the smokers at the high-exposure level had a lower mortality from NMRDs than the nonsmokers. It could be interpreted that causes of death in smokers at the high-exposure level might be more likely to be lung cancer or other diseases like heart diseases, but not NMRDs.
Mesothelioma is known to be almost entirely caused by occupational exposure to asbestos. Mesothelioma was often not recorded and was underreported before the use of This is also the case in China. The two mesothelioma cases diagnosed in this predominantly chrysotile-exposed cohort, provide evidence that chrysotile exposure increases the mortality risk of mesothelioma cases. Other studies also demonstrated that relatively pure chrysotile exposure could increase the risk of mortality from mesothelioma. Loomis et al. 3 observed an increased risk of pleural cancer with an SMR of 12.43 in the North Carolina textile workers, and Hein et al. 4 observed three cases of mesothelioma among the South Carolina textile workers. Moreover, one systematic review summarized the evidence from 26 different cohorts and concluded that chrysotile-asbestos exposure alone could cause both mesothelioma and lung cancer. 27 All these studies together with our results support the hypothesis that chrysotile can cause mesothelioma, although the extent to which the potency of chrysotile causes mesothelioma compared to that of amphibole remains a matter of ongoing debate. Further studies with larger samples and careful examinations of chrysotile-exposure assessment are warranted to provide more evidence in reaching a conclusion.
The SMR for GI cancers was slightly elevated in this cohort. We did not report a separated analysis by specific site of GI cancers, because of the small number of cases. However, the limited data suggested significantly increased mortality from small intestine cancer (SMR = 9.09; 95% CI, 1.60, 51.50) and slightly elevated mortality from esophageal cancer (SMR = 1.25; 0.61, 2.59) and colorectal cancer (SMR = 1.07; 0.36, 3.15). When mortality from GI cancers was stratified by the exposure level, the SMRs were 1.61, 0.89, and 1.04 in the low-, medium-and high-exposure level, respectively, which showed no clear trend. This indicated that slightly increased mortality from GI cancers in this cohort might not result from asbestos exposure, but from other confounding factors such as dietary factors. The association between asbestos exposure and GI cancers is still inconclusive. Asbestos exposure might result in a small increased mortality from GI cancers, 28 especially colorectal cancer. 29 However, a recent review showed the associations with asbestos exposure to be consistently weak or nonexistent for four types of GI cancers. 30 Further studies with a larger number of cases are required to address this association. Strengths of this study include the long period of observation and a high follow-up rate. We followed this cohort prospectively for 37 years, which allowed us to detect enough cases of asbestos-related lung cancer and NMRDs. Furthermore, information on individual smoking was available to control this important confounder and provide more convincing outcomes.
Several limitations in this study should be noted. One of them is a lack of complete individual data on fiber exposure during the whole period. However, job titles and workshops held by the workers were relatively stable; this enabled us to use the job titles in various workshops as a surrogate of exposure levels. A clear exposure-response gradient observed in the analysis suggested that the exposure surrogate could reflect the real exposure to some extent. Although misclassification of exposure was likely to occur, which could attenuate the gradient of exposure-response, the excess mortality from the selected causes would not be substantially distorted. Another limitation is the small number of nonsmoking workers in this cohort, which made observed results unstable, reflected by wide confidence intervals when the analysis was stratified by exposure level. Last, we applied nationwide survey data from different time periods as reference rates for SMR calculations because of an incomplete cancer registry system in the country, especially in the years before 1981.
In summary, this analysis of the Chinese chrysotileworker cohort detected significantly increased mortality from lung cancer, all cancers, and NMRDs relative to the Chinese nationwide rate. The increased mortality from these causes was associated with chrysotile-asbestos exposure levels, exposure years, age at first exposure, and birth periods.
